Low Birth Weight and Intra-uterine Growth Retardation The birth weight of a human infant is crucial to its survival (Hogue et al., 1987) , prompting research into the causes of variability, especially low birth weight. Factors known to in#uence birth weight include ethnicity; maternal energy intake during pregnancy, or pregnancy weight gain; maternal stature; maternal morbidity; maternal pre-pregnancy nutritional status; duration of gestation; and maternal smoking (Kramer, 1987; World Health Organisation, 1992; Thame et al., 1997) . However, the causal pathway by which these factors impact on birth weight is not fully understood, and some factors such as ethnicity may act as proxies for others in simpler analyses. Birth weight variability may result from variability in gestation length, or in foetal growth. This article is relevant to foetal growth variability.
Nutritional studies of birth weight variability have tended to assume that the transfer of energy to the foetus is determined by maternal energy availability, or by maternal nutritional status. According to this logic, increased availability of energy to the mother either before or during pregnancy is predicted to increase birth weight of the o!spring. However, contrary to this hypothesis, nutritional supplementation of mothers during pregnancy in developing countries has relatively poor e$cacy in increasing birth weight (Kramer, 1993) . Even where supplementation is successful, its e!ects are restricted to thinner women, and it does not fully negate the weight de"cit in comparison to western populations (Herrera et al., 1980; Ceesay et al., 1997) . Thus, maternal energy availability does not in itself fully explain transfer of energy to the foetus.
Energy metabolism concerns not only the magnitude of energy transfers to and from biological systems, but also the thermodynamics of such transfers. Environmental temperature is predicted to constrain the movement of energy between biological organisms. This paper reviews the evidence that human foetal growth is in#uenced by environmental temperature.
Thermal Environment and Human Evolution
All mammals need to maintain a relatively constant core body temperature for optimal functioning of metabolic pathways. Environmental heat load must be mitigated through physiological, morphological and behavioural adaptations, with variation in body size and physique playing an important role. Heat production is proportional to body mass (M), whereas heat loss is proportional to surface area (SA). The ability to conserve or lose thermal energy is therefore strongly in#uenced by the SA : M ratio, and between-species variation in the ratio is closely associated with the thermal environment. Hot environments favour a high SA : M ratio to promote heat loss, cold environments the opposite in order to minimize heat loss. Hominid evolution over the last 5 million years occurred primarily in Africa, an environment principally of heat stress. Morphological and anatomical adaptations to thermal stress during the course of hominid evolution include not only physique (Wheeler, 1993) and size (Wheeler, 1984 (Wheeler, , 1992 , but also bipedal stance (Wheeler, 1991a, b) . Physiological adaptations include predominantly hairless skin, sweat gland distribution and di!erential blood circulation (Wheeler, 1984) . In contrast, adaptations to cold environments are primarily cultural rather than biological.
Between-population variation in human size and shape is consistent with these thermodynamic principles. A negative correlation between adult mass and environmental temperature has been demonstrated by several authors (Roberts, 1953; Newman, 1953; Schreider, 1964; Crognier, 1981; Froment & Hiernaux, 1984) , while variation in physique has also been attributed to thermal load (Hiernaux, 1974) .
Humans like other primates have a relatively slow rate of foetal growth. However, although the daily incremental energy stress of pregnancy is lower than for any other mammal relative to body size (Prentice & Whitehead, 1987) , the foetus is potentially exposed to maternal thermal stress for a relatively long period, in particular, the third trimester of pregnancy when foetal size increase peaks. Thus, the thermodynamics of pregnancy could play an important role in birth outcome.
Animal Models of Thermal Stress During Pregnancy
The e!ect of heat stress on birth weight in nonhuman species has been addressed by several authors. Reduced birth weight following heat stress during pregnancy has been reported in mice (Ashoub, 1958) , rats (Benson & Morris, 1971) , guinea pigs (Jonson et al., 1976) , rabbits (Leduc, 1972) , goats (Holmes et al., 1986) , sheep (Yeates, 1953; Bell et al., 1987; Ross et al., 1996; Galan et al., 1999) , and cattle (Collier et al., 1982; Wolfenson et al., 1988) . Growth retardation occurs in the presence of chronic, moderate heat stress. At higher temperatures, with maternal core temperature raised by *23C, maternal cardiovascular collapse occurs (Cefalo & Hellegers, 1978) . Extreme maternal hyperthermia has also been associated with intra-uterine death (Ogle, 1934; Leduc, 1972; Cefalo & Hellegers, 1978) and central nervous system defects (Edwards, 1976; Poswillo et al., 1974) .
Chronic heat stress causes reduction of placental weight despite no change in maternal appetite until the third trimester of pregnancy (Alexander & Williams, 1971; Bell et al., 1987 Bell et al., , 1989 . Uterine and umbilical blood #ow are also reduced, decreasing the availability of oxygen and glucose to the foetus (Bell et al., 1987; Dreiling et al., 1991) . Weight reduction in the foetus varies by organ (Cartwright & Thwaites, 1976) , with brain weight being preserved at the expense of liver weight (Bell et al., 1989) . Thus, heatstressed foetuses are not merely small at birth, but show stunted growth similar to that induced by undernutrition (Cartwright & Thwaites, 1976) .
Additional studies on the timing of the stress have shown that placental weight reduction precedes foetal weight reduction (Vatnick et al., 1991) , while removal of heat stress in the "nal trimester partially reduces the growth de"cit compared to sheep exposed to the stress 414 throughout pregnancy (Galan et al., 1999) . However, restricting heat stress exposure to mid-pregnancy still compromises growth compared to control animals (Galan et al., 1999) , and exposure in only the "nal 25 days of the 145 day gestation period likewise produces intra-uterine growth retarded lambs (Brown et al., 1977) . These "ndings indicate that two distinct factors may be involved in foetal growth retardation. First, a primary reduction in placental growth in early gestation may give rise to irreversible growth retardation, regardless of subsequent thermal environment. Second, foetal growth rate may be in#uenced independently by the thermal environment in the later stages of pregnancy, irrespective of previous placental growth.
Glucose is transferred to the foetus by a transplacental concentration gradient, so reduced placental mass lowers the glucose transfer rate. The foetus can respond either by decreasing glucose demand, or by lowering its plasma glucose level to increase the gradient. In foetuses with small placentas, both types of adaptation occur (Bell et al., 1987) . Studies of normal sheep foetuses subjected to acute maternal fasting have shown that the foetus adapts to the decreased supply of maternal glucose by increasing amino acid oxidation (Simmons et al., 1974; van Veen et al., 1987; Liechty et al., 1991) . However, foetuses exposed to heat stress do not make the same adaptation. Although foetal leucine concentration is reduced during heat stress, in order to preserve the concentration gradient from placenta to foetus, the amount of amino acid available to the foetus remains small. The leucine concentration is su$-cient for normal rates of accretion and oxidation, but is not su$cient to replace glucose as an oxidative substrate (Ross et al., 1996) . Thus, studies of both glucose and leucine metabolism indicate that chronic heat stress in pregnant sheep stunts development of the placenta, reducing placental transfer of nutrients to the foetus.
The e!ect of chronic cold stress on foetal growth is the reverse of chronic heat stress. Early studies reported winter shearing of sheep to be associated with increased lamb birth weight (Rutter et al., 1971 (Rutter et al., , 1972 . Further studies showed that although cold stress stimulated voluntary maternal food intake, the increased birth weight was observed even when maternal intake was restricted (Rutter et al., 1972) . Cold exposure increases maternal fat oxidation, which increases glucose availability to the foetus (Symonds et al., 1986) . Maternal insulin may also be reduced, which likewise increases plasma glucose concentration (Symonds et al., 1986) . Thus, a physiological maternal adaptation to cold stress bene"cially alters foetal fuel availability, and hence foetal growth.
However, the implications of this animal work for humans must be considered with caution. First, in sheep, on which the majority of the experiments have been performed, the primary mechanism by which heat is lost to the environment is respiratory evaporative loss, facilitated by panting (Oakes et al., 1976) . This mechanism causes redirection of the blood from certain organs (including the uterus) to other organs involved in thermoregulation (Bell et al., 1986) . In contrast, humans rely primarily on non-respiratory sweating for heat loss. Second, the mechanism of panting is associated with respiratory alkalosis, known to increase uterine vascular resistance and decreased uterine blood #ow (Oakes et al., 1976) . Such heat-induced alkalosis has not been linked to heat stress in humans (Jones et al., 1985) . Third, primates contrast with other mammal species in the relatively low rate of pregnancy weight gain. Humans do not, for example, show the marked physiological changes in organs such as the liver, kidneys and digestive tract that occur in other species to support the enhanced energy turnover induced by pregnancy (Widdowson, 1976 (Widdowson, , 1981 . Thus, the physiology of pregnancy varies by species, and the e!ect of environmental factors or foetal growth may vary likewise.
Thermal Stress and Pregnancy in Humans
Although few studies have focused on the effects of hyperthermia on human pregnancy, heat stress is acknowledged as a risk factor for adverse birth outcome. Maternal fever has been found to be an important risk factor for perinatal morbidity and mortality (Niswander & Jordan, 1972) , although whether this is due to the infection itself, temperature elevation or the cardiovascular e!ects of hyperthermia is unknown (Cefalo & Hellegers, 1978) . Maternal fever has also been associated with developmental disorders such as HEAT STRESS AND LOW BIRTH WEIGHT anencephaly and micropthalmia (Miller et al., 1978; Fraser & Skelton, 1978) . These reports refer to acute heat stress, and are consistent with similar "ndings in animal studies (Ogle, 1934; Leduc, 1972; Cefalo & Hellegers, 1978) . However, the possibility that chronic heat stress could have less severe but more widespread implications for human birth outcome appears not to have been considered. Unlike heat stress, neither acute nor chronic cold stress appears to have been investigated in the context of human pregnancy, presumably as cold stress is generally avoidable by cultural means.
Known Determinants of Birth Weight
Thermal stress may exert e!ects of large or small magnitude on individual birth weights. Identi"cation of such e!ects depends on their di!erentiation from the e!ects of other factors, some of which are correlated with environmental temperature. For example, a typical developing country mother who is subject to greater heat stress than her western counterpart is also signi"-cantly shorter and leaner at conception, gains less weight during pregnancy, and is more likely to su!er from communicable diseases such as malaria. Any examination of the relationship between thermal stress and birth weight is confounded by the extent to which the population has already adapted to the thermal environment. Rather than attempt to separate out the maternal and o!spring adaptations, this paper proposes the hypothesis that, all other things being equal, two mothers in di!erent thermal environments will deliver neonates of di!erent weights.
Thermal Environment and Human Birth Weight Variability Within and Between Populations
Early work investigating seasonality and birth weight found that North American men born in the "rst 6 months of the year had a greater mean weight than those born in the second 6 months (Mills, 1941) . A similar study in the southern hemisphere produced the reverse results (Fitt, 1955) . More recently, Phillips & Young (2000) speculated that the modest association between season of birth and subsequent obesity status in British subjects may stem from a relationship between environmental temperature and birth weight. An examination of the relationship between mean birth weight and environmental temperature in 47 Japanese prefectures found a clear trend towards increasing birth weight with lower temperature (Matsuda et al., 1998) , while in an African}American population living at altitude in Arizona, birth weight of girls was lower following warmer winters (Wienker, 1990) . In terms of global populations, the highest mean birth weights are found in colder Scandinavian countries and the lowest in tropical environments (WHO, 1992) , although this association may be confounded by variation in energy availability, disease load and adult size.
Given that maternal weight gain and foetal growth peak in the later stages of pregnancy (Strauss & Dietz, 1999) , the in#uence of environmental temperature on birth weight is predicted to be strongest during the third trimester of pregnancy. The studies described above are all consistent with the hypothesis that a cold environment during the third trimester increases mean birth weight within or between populations, while a warm environment reduces it.
Characteristics of Human Growth-retarded Foetuses
Growth-retarded infants show several of the characteristics of heat-stressed sheep foetuses. Placental dysfunction reduces maternal}foetal glucose transfer in small-for-gestational age (SGA) infants (Kuo, 1991) . Growth retardation is also associated with an enhanced brain : liver weight ratio, due to greater retardation of growth of the liver (Dawkins, 1964) . This is consistent with the foetus reducing its endogenous glucose production in order to maintain the placental transfer gradient despite reduced maternal glucose supply. However, not all factors associated with growth retardation necessarily a!ect the placenta and foetus of di!erent species in the same way.
The placental : foetal weight ratio in healthy human pregnancies at term is approximately 1 : 5 (Symonds et al., 2000) . Intra-uterine growth retardation is associated with a lighter placenta (Owens et al., 1995) , and a positive relationship between placental weight and birth weight was reported in a developing country population (Hibbert et al., 1999) . In contrast, increased, rather than reduced, placental size has been linked to SGA infants in industrialized populations (Lao & Wong, 1999) , and it has been suggested that a high placental : foetal ratio is induced by poor maternal nutrition (Barker et al., 1990; Godfrey et al., 1996) , although not all studies support this hypothesis (Perry et al., 1995) . Thus, characteristics of growth-retarded infants, their placentas and the placental : feotal ratio appear to di!er between industrialized and developing country populations, and local environmental factors including thermal environment may contribute to this pattern.
Data and Modelling
In order to illustrate the consequences of adopting di!erent thermodynamic strategies, this paper uses published data to model the relationship between the thermal environment and maternal and foetal physiology. The paper considers (1) how changes in maternal weight and body composition alter the speci"c heat of the body; (2) how maternal weight gain in#uences the SA : M ratio; (3) how changes in maternal body composition in#uence maternal heat production; (4) how foetal growth is related to foetal thermal balance. The modelling is based on "ve comparable data sets collected in Scotland, The Netherlands, The Gambia, Thailand and the Philippines during the 1980s Lawrence et al., 1987a; Thongprasert et al., 1987; Tuazon et al., 1987; Van Raaij et al., 1987) .
Data collection included body mass, height and body composition calculated from skinfold measurements at 10 weeks gestation, and the same measurements repeated 4}6 weeks postpartum (Durnin, 1987b) . These latter measurements have been assumed, in the present analysis, to be representative of body composition at delivery. Anthropometric measurements were used to derive data on fat mass and fat-free mass during pregnancy (Durnin, 1987b) . Basal metabolism was measured using the Douglas bag technique of indirect calorimetry.
From these published data, fat-free mass index and fat mass index were calculated by dividing fat-free mass and fat mass by height squared (Van Itallie et al., 1990) . These variables represent discrete indices of relative lean size and fatness. Speci"c heat of the body was calculated from the data on body composition. Surface area at 10 weeks gestation and delivery were calculated using the formula of Dubois & Dubois (1916) , allowing calculation of the SA : M ratio cm kg\ at each time point.
Anthropometric data relating to Alaskan women (of unknown pregnancy status) inhabiting a cold climate (Risica et al., 2000) are also considered, to allow comparison over a broader range of thermal environments.
Speci5c Heat of the Body
The e!ect of the thermal environment on physiology is mediated by body composition. Fat has a lower speci"c heat than fat-free tissue (1.67 vs. 3.35 kJ kg\ 3C\) (Falk, 1998) , such that for a given body mass, a larger amount of thermal energy is needed to elevate core temperature in a woman with lower adiposity. Thus, women with low adiposity are more resistant to a given heat load. Pregnancy inevitably alters the speci"c heat of the body, although the amount by which it does so depends on the composition of the weight gained.
Women from developing countries typically gain less fat during pregnancy, a trend that is usually attributed to nutritional deprivation (Prentice & Goldberg, 2000) . Between-population comparison indicates that di!erences in pregnancy weight gain are most marked in the third trimester of pregnancy, when well-nourished women deposit mostly fat. In contrast, pregnancy per se was found to be without e!ect on the body fatness of marginally nourished Gambian women, such that changes in fatness were primarily seasonal (Lawrence et al., 1987b) . Changes in body composition are illustrated in Fig. 1 , where relative lean size is given on the x-axis and relative fatness on the y-axis. After adjusting for height, the developing country populations have considerably less fat, and show reduced fat gain compared to the industrialized populations. By comparison, Alaskan women (unknown pregnancy status) have high fatness (around 8 kg m\) and high lean deposition relative to height (around 20 kg m\) (Risica et al., 2000) , and hence continue the general inverse trend relating body fatness to environmental temperature. Using these data, pregnancy-induced changes in the speci"c heat of the body can be modelled as shown in Fig. 2 . Developing country women have higher speci"c heat, due to their lower fatness, and are hence less prone to core temperature elevation for a given stress. All populations show a moderate increase in speci"c heat during pregnancy, but initial di!erences between the populations are preserved. By comparison, Alaskan women have lower speci"c heat (approx. 2.85 kJ kg\ 3C\), indicating greater ability to convert thermal energy to maintain core temperature in their colder environment.
Heat Loss=Surface Area: Mass Ratio
Pregnancy involves changes in weight but not stature, and therefore in#uences the SA : M ratio and the rate of heat loss. As mentioned above, women from developing country populations have lower percentage weight gain in spite of their lower pre-pregnancy weights (Prentice & Goldberg, 2000) . Both traits enhance their capacity to lose heat to the environment during pregnancy. Figure 3 illustrates two sets of data. The continous lines demonstrate the observed changes in the SA : M ratio during pregnancy, while the dotted lines demonstrate the predicted changes that would have occurred, had each population gained on average the same 11.7 kg of weight during pregnancy as the population from Scotland. It can be seen that the women from all countries experienced a consistent reduction in the SA : M ratio during pregnancy, with initial di!erences between populations being preserved. Had weight gain been identical in all "ve populations, the SA : M ratio at delivery would have been substantially reduced in the developing country women. However, even after pregnancy weight gain, heat loss capacity remains substantially greater in women inhabiting hot environments compared to women inhabiting temperate environments.
The high degree of heat production from the torso, both by the internal organs and during pregnancy, is re#ected in di!erential sweat gland distribution. Sweat glands are not distributed equally over the body surface, being most concentrated on the face and limb extremities. European populations in temperate climates show moderate density of sweat glands on the thorax and abdomen (approx. 85 glands cm\), whereas African populations have substantially more glands (150}170 glands cm\) in these locations (Millington & Wilkinson, 1983) .
Thus, women inhabiting hot environments have greater heat loss capacity for three related reasons: (1) they have smaller initial size, increasing the SA : M ratio; (2) they experience lower weight gain during pregnancy, thereby decreasing the reduction of the SA : M ratio; and (3) they have a denser distribution of sweat glands on the abdomen, improving the rate of heat loss from this part of the body. By comparison, Alaskan women have a low SA : M ratio of approximately 250 cm kg\ to preserve thermal energy (Risica et al., 2000) , and pregnancy weight gain is further predicted to restrict heat loss.
Foetal Size
Foetal size variation may be interpreted either as a consequence of maternal physiological response to thermal stress, or as an independent foetal response. Various factors collectively suggest that any independent foetal response would manifest primarily in the "nal trimester of pregnancy, when foetal growth rate is highest, foetal fatness is greatest and foetal metabolic rate is greatest.
A smaller foetus has a lower metabolic rate and imposes lower metabolic costs and weight gain on the mother. Theoretical calculations indicate that maternal temperature is the major determinant of foetal temperature, and that foetal metabolism itself is less in#uential, particularly in the "rst two trimesters (Lotgering et al., 1985) . Nevertheless, the foetus must maintain thermal balance, and during maternal heat stress its capacity to thermoregulate is in#uenced by its own size and body composition.
Foetal temperature is consistently slightly higher than that of the mother (Adamsons, 1966) . Studies on sheep indicate that maternal exercise raises both maternal and foetal temperature, with the subsequent decrease in the foetus lagging behind that of the mother by up to an hour (Lotgering et al., 1983) . Metabolic rate increases in response to raised body temperature, with a rise of 13C in core temperature being su$cient to increase metabolism by approximately 8.5% in most mammal species (Cross et al., 1966) . Thus several factors can increase foetal temperature, requiring thermoregulatory response. The only routes of foetal heat egress are the foetal surface via the amniotic #uid, or the placental circulatory interchange area. Umbilical circulation is, therefore, an important pathway for heat exchange, and interference with placental blood #ow could result in interference with foetal heat dissipation (Cefalo & Hellegers, 1978) . Thus, stunting of placental development in early pregnancy might compromise foetal thermoregulation as well as nutrition during the later stages.
Foetal growth rate peaks during the third trimester, during which a signi"cant proportion of weight gain comprises fat deposition. Retardation of foetal growth during this trimester would therefore have the greatest e!ect in reducing heat stress to both foetus and mother, due to the combined e!ects of increased SA : M ratio, increased speci"c heat of the body and reduced foetal metabolic rate.
Heat Production=Maternal BMR
The increased body mass, both fat and fat-free tissue, characteristic of pregnancy would be predicted to increase maternal basal metabolism and hence heat production. Both fat mass and fat-free mass have been shown to contribute to heat production in normal subjects (Garby et al., HEAT STRESS AND LOW BIRTH WEIGHT 419 1988). The contribution of fat mass to BMR is attributed to the energy requirements of adipose tissue (Simonsen et al., 1994) . Although the weight changes that are incurred by pregnancy would therefore be predicted to increase BMR proportionately, empirical studies have shown a rather more complex scenario, whereby BMR is increased in some populations but not in others.
Hytten and Leitch estimated the theoretical maintenance costs of pregnancy to comprise approximately half the total energy costs (Hytten & Leitch, 1971) . However, while studies from western populations have provided support for this calculation van Raaij et al., 1987; Forsum et al., 1988; Goldberg et al., 1993) , studies from developing country populations indicate substantially lower maintenance costs which have been termed &&energy-sparing'' (Prentice et al., 1989) . These di!erences in maintenance energy expenditure appear to be mediated by nutritional status, as within-population di!erences in pregnancy BMR change show a similar positive association with pre-pregnancy fatness (Prentice et al., 1989) . Furthermore, the energy-sparing shown by the Gambian women was reduced following maternal supplementation during pregnancy (Lawrence et al., 1987a) . However, whatever their cause, such &&energy-sparing'' adaptations reduce maternal heat production and therefore have a favourable e!ect on thermal balance. Furthermore, reduced weight gains typical of developing country populations may limit absolute BMR increases even in the absence of actual &&energy-sparing''.
Heat Production=Maternal Total Energy Expenditure
Regardless of whether BMR is systematically increased during pregnancy, physical activity is predicted to raise total heat production in proportion to (1) the amount of work done; (2) body size and composition; (3) the energetic e$ciency with which the work is carried out; and (4) the temperature and humidity of the environment.
As with maternal BMR, both fat mass and fat-free mass contribute to total daily energy expenditure (TEE), with the relative contribution of fat mass increasing as activity level increases (Garby et al., 1988) . Pregnancy weight gain is therefore predicted to increase TEE. In practice, however, a combination of physiological and behavioural mechanisms combine to limit this potential increase.
Whereas many women in western societies have relatively low levels of TEE, women in developing countries are typically engaged in subsistence agriculture or other activities involving physical work. Prentice and colleagues (1985) reported TEE of 32.9 kcal kg\ d\ in non-pregnant U.K. women, in contrast to data from New Guinea, Guatemala and the Gambia averaging 43.3 kcal kg\ d\ (Heini et al., 1991) . Contrary to predictions, however, TEE during pregnancy in Gambian and New Guinean women was not increased relative to non-pregnant women despite continued involvement in subsistence activities (Heini et al., 1991) .
Studies suggest that pregnant women avoid high levels of TEE either by reducing the time spent on high-energy activities (Roberts et al., 1982) , by reducing the number of activities undertaken (Lotgering et al., 1985; Heini et al., 1991) , or by reducing the energy cost of speci"c tasks (Lotgering et al., 1985; Blackburn & Calloway, 1985) . Collectively, therefore, pregnant women are apparently able to achieve energy-sparing during physical activity through both physiology and behaviour. In spite of this energy sparing, moderate to high energy expenditure may remain required by essential subsistence activities in some populations.
Previously, the bene"ts of avoiding increases in TEE during pregnancy in developing country populations have been attributed to the preservation of maternal energy balance in an energypoor environment (Prentice & Whitehead, 1987) . However, energy expenditure is only one dimension of physical activity. Maternal activity during pregnancy in#uences numerous aspects of maternal and foetal physiology, including respiratory gas exchange, cardiac output, physical working capacity, endocrinology and thermoregulation (Lotgering et al., 1985) , which may also be linked to birth outcome through e!ects on posture, muscular exertion, biochemical changes, or utero-placental blood #ow (Barnes et al., 1991) . Various studies have concluded that in industrialized populations, the e!ect of moderate exercise is neutral or even bene"cial for birth 420 outcome (Johnson et al., 1994; Schramm et al., 1996; Stern"eld, 1997) . However, it remains di$cult to extrapolate from such studies to developing country populations for several reasons. First, few studies have investigated vigorous as opposed to moderate activity levels. Second, few studies have investigated subsistence as opposed to voluntary physical activity. Finally, there are almost no studies investigating the e!ects of physical activity during the third trimester of pregnancy, during which the rate of foetal weight gain reaches its maximum.
A number of studies have investigated the speci"c relationship between physical activity during pregnancy and birth weight. Recent reviews have concluded that moderate activity has no adverse e!ect on birth weight in industrialized populations (Rabkin et al., 1990; Hatch et al., 1993; Kardel & Kase, 1998) . However, regular vigorous exercise has been implicated in reduced birth weight in industrialized populations (Clapp & Capeless, 1990; Katz, 1991; Bell et al., 1995) . Several studies from developing country populations have likewise found signi"cant negative e!ects: increased physical work during pregnancy was associated with reduced birth weight in Ethiopia (Tafari et al., 1980) , manual work was associated with an increased risk of SGA birth in Guatemala (Launer et al., 1990) , and heavy agricultural work during pregnancy reduced birthweight in Brazil (Lima et al., 1999) .
Whether or not physical activity imposes heat stress is determined not only by the work itself, but also by the combined e!ects of temperature and humidity, and the availability of facilities which can relieve the stress. Bearing these cautions in mind, existing data are not inconsistent with the hypothesis that greater activity levels may impact negatively on birth weight in hotter environments. However, alternative explanations for an e!ect of activity on birth weight are also plausible, and the current data are inadequate to resolve this issue.
Genetic Adaptation
If thermal stress has indeed been an important factor during human evolution, genetic adaptation of some populations to the thermal environment might be expected. Infant birth weight is extremely in#uential on survival and hence on maternal lifetime reproductive success. Consequently, environmental selective pressure on birth weight is predicted to be strong, and adaptation of birth weight to the thermal environment could occur relatively rapidly. However, birth weight di!erences between populations may persist for several generations following standardization of the environment, due to the multi-generational e!ects of stature. Foetal growth is strongly predictive of adult height (Allison et al., 1995) , and there is a limit to which optimal postnatal nutrition within a single generation can negate the e!ects of reduced foetal growth. Greater birth weight in white populations (Shiono et al., 1986 ) might re#ect a longterm genetic adaptation to environments lacking signi"cant heat stress. However, investigation of the e!ect of ethnicity on birth weight must ensure that the multi-generational e!ect of previous poor environments is taken into account.
Heat Stress=a Contributing Factor to Low Birth
Weight in Developing Countries?
Pregnant women in developing countries are typically exposed to chronic heat stress, both from the high temperature and humidity of the environment, and in many cases from the need to continue high energy expenditure subsistence activities throughout the duration of pregnancy. Placental dysfunction, however caused, may also inhibit foetal thermoregulatory ability in later pregnancy. In turn, there are many aspects of pregnancy in such women which, from a theoretical viewpoint, collectively mitigate thermal stress. These include the smaller size, reduced weight gain, and reduced fatness of such women, combined with their energy-sparing reductions in basal and total heat production, and similar effects in the foetus (see Table 1 ). Collectively, these facts generate the hypothesis that low birth weight in developing countries might in part represent an adaptation to chronic maternal heat stress.
The impact of heat stress on birth weight could materialize in two possible ways. First, heat stress could cause a signi"cant reduction in the birth weight of individual neonates, such that, all other things being equal, two pregnancies undergone at HEAT STRESS AND LOW BIRTH WEIGHT di!erent heat loads could result in markedly different birth weights. Second, heat stress could exert e!ects of relatively low magnitude on each individual infant, but, by shifting the entire spectrum of birth weight downwards by a small amount, signi"cantly increase the number of neonates in the population falling below the 2500 g cut-o!. Both hypotheses merit consideration. However, it is not possible from the current literature to establish whether lower birth weights in developing countries are merely the fortuitous consequence of a generalized response to inadequate energy supply, or whether heat stress actively drives adaptation of body size, body composition and metabolism. Maternal size is also a complex confounding variable, given the di!erences in height between industrialized and developing country populations. Experimental animal studies demonstrating the e!ects of heat stress on maternal, placental and foetal physiology should be treated with caution due to between-species di!erences in the physiology of pregnancy. Existing human studies on growth retardation are observational, lack adequate data on the thermal environment, and allow for more than one interpretation.
Conclusions
In accordance with thermodynamic theory, environmental temperature and birth weight are found to be associated both in humans and in non-human animal species. Experimental studies in non-human species demonstrate that the association is causal, and holds both for chronic heat stress and for chronic cold stress. However, further studies to test the hypothesis of causality are required in humans. Among the more speci"c issues that merit further investigation are (1) the extent to which the physiology and aetiology of growth varaibility can be attributed to thermal factors; (2) the nature of body composition at birth in di!erent thermal environments; and (3) the e!ect of the thermal environment on human placental structure and function. The possibility that environmental temperature constrains foetal growth in hot environments, by some or all of the mechanisms described above, could have signi"-cant implications for programmes attempting to reduce the global prevalence of low birth weight.
